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. By using the non-super symmetric p-brane solutions delocalized in arbitrary num- 

ber of transverse directions in type II supergravities, we show how they can be re- 
garded as interpolating solutions between unstable Dp-branes (a non-BPS D-brane 
or a pair of coincident D-brane-antiD-brane) and fundamental strings and also be- 
tween unstable Dp-branes and NS5-branes. We also show that some of these solu- 
tions can be regarded as interpolating solutions between NS5/NS5 and Dp-branes 
(for p <f>). This gives a closed string description of the tachyon condensation and 
lends support to the conjecture that the open string theory on unstable D-branes at 
the tachyonic vacuum has soliton solutions describing not only the lower dimensional 
BPS D-branes, but also the fundamental strings as well as the NS5-branes. 
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A non-BPS D-brane or a pair of coincident brane-antibrane system in type II string 
theories is unstable which is manifested by the presence of open string tachyon on their 
respective world- volumes [1, 2]. Because of this, these unstable D-branes decay and the 
decay occurs through a process called tachyon condensation. The tachyon condensation 
has been understood from the open string point of view both in the boundary CFT 
approach [3, 4, 5, 2] and the string field theory approach [6, 7]. In particular, it has been 
conjectured that the tachyonic vacuum in these theories describes the closed string vacuum 
without any brane and the various solitonic solutions representing the lower dimensional 
BPS D-branes, the fundamental strings as well as the Neveu-Schwarz 5-branes [8]. This is 
what is expected and evidences have been given for the lower dimensional BPS D-branes 
in [9] (the appearance of these objects can also be understood from K-theory [10]) and 
for the fundamental strings in [8, 11] from the open string point of view. 

The appearance of the various decay products at the tachyonic vacuum from the Dp-Dp 
(we denote an anti-branc with a bar) or from a non-BPS D(p — l)-brane can be understood 
as follows [11, 12]. For definiteness we will discuss the case of Dp-Dp-brane and briefly 
mention about non-BPS D(p — l)-branes. The world- volume theory on a pair of Dp-Dp 
brane is a gauge theory with gauge group f/(l) x f/(l) and has a complex tachyon of charge 
(1, —1). (For non-BPS D{p — l)-brane the gauge group is Z2 x f/(l) with a chargcless, 
real tachyon. The removal of f/(l) gauge degrees of freedom here can be achieved through 
confinement which can be discussed similarly as for the case of Dp-Dp-branc.) As the 
tachyon condenses, its phase can acquire a non-trivial winding number on a finite energy 
vortex solution of this theory which can be identified as BPS D(p — 2)-brane. In this 
process the relative U{1) gauge group is broken and the relative gauge field {Ai — A2) 
gets removed by the Higgs mechanism. The overall gauge field (^41 -|- A2) under which the 
tachyon is neutral gets also removed through confinement, which can also be understood 
by the dual Higgs mechanism. The only remnant of the gauge field is the confined electric 
fiux string which can be identified as the fundamental string [11, 12]. This phenomenon 
can be understood by open D(p — 2)-branes stretched between Dp-Dp-brane. The open 
D(p — 2)-brane will induce a (p — 3) dimensional tachyonic object charged under the 
relative two (p — 2)-forms (^li*"^' —A^~'^^) on the world- volume of Dp-Dp-brane. The dual 
of the corresponding field-strength is related with the electric fiux associated with the 
overall gauge field (Ai -|- A2). So, the (p — 3)-dimensional tachyonic object is magnetically 
charged under (^41 -1-^2) and after its condensation the overall C/(l) is removed by the dual 
Higgs mechanism [11] (a different mechanism, as opposed to p > 2, has been suggested 
[12] for p < 2 cases) giving a confined electric flux string identified as F-string. 

We now come to NS5-brane. The NS5-NS5 decaying into Dp branes with p < 5 can 



2 



be deduced either from the result NS5-NS5 decaying into D2 [11] and by applying T- 
dualities subsequently along the NS5 directions or from the D5-D5 decaying into D3 and 
by applying S-duality and subsequent T-dualities. On the other hand, Dp-Dp decaying 
into NS5 is less obvious but can still be deduced partially from the above. We mentioned 
NS5-NS5 decays into D5 and S-dual of this gives D5-D5 decaying into NS5. Applying 
T-dualities along the NS5 directions gives Dp- Dp decaying into NS5 for p < 5. Now in 
order to see the process D6-D6 decaying into NS5, we can start with DO-DO decaying into 
F-string [12] and apply T- and S-duality successively on it. To be precise, if the F-string 
above lies along x^-direction, then the application of (T1ST34ST56ST234) from the right 
on both sides of DO-DO decaying into F, where the subscript in T refers to application of 
T-duality along those directions and S refers to S-duality, will give D6-D6 decaying into 
NS5. Some relevant discussions can also be found in [13, 14]. 

In this paper we will give a closed string or supergravity description of the appearance 
of F-strings and NS5-branes from Dp-Dp-brane or non-BPS Dp-brane described above. 
It should be pointed out that in the supergravity picture there is no explicit tachyon 
field, but as it was argued in [15, 16] tachyon vev can appear as parameters labelling the 
supergravity solution. Indeed the non-susy p-brane solutions [17, 18] which in some special 
cases can be argued to represent Dp-Dp-brane system or non-BPS Dp-brane contain some 
parameters. By using their supersymmetric reduction we have argued in [16], how these 
parameters are related to the microscopic physical parameters as well as the tachyon vev 
to correctly describe the tachyon condensation process. In a different approach we have 
shown earlier [19], how by delocalizing the non-susy Dp-brane solution in one transverse 
direction, we can regard it (a) as an interpolating solution between non-BPS D(p -|- 1) 
brane and a BPS Dp-brane similar to the picture of tachyon condensation on the kink 
solution [2] and (b) as an interpolating solution between non-BPS D(p-|- l)-brane and the 
supergravity description of tachyon matter [20] similar to the rolling tachyon picture [21] 
in the open string description. For case (a) the delocalized direction was space-like and 
for (b) the delocahzed direction was time-hke. This result gave us confidence to beheve 
that the supergravity solution indeed correctly represent the Dp-Dp-brane system or non- 
BPS Dp-brane. We have further shown in [22], by delocalizing the non-susy Dp-brane to 
two spatial transverse directions, how this solution can be regarded as an interpolating 
solution between D(p -|- 2)-D(p -|- 2), non-BPS D(p -|- 1) and BPS Dp-brane giving the 
complete descent relation of Sen [2] under tachyonic kink and vortex solutions. Since we 
have already described how the lower dimensional D-branes can be obtained from Dp- Dp 
and non-BPS Dp in our earlier works, in this paper wc will show how the other closed 
string objects like F-strings and NS5-branes can be obtained from Dp-Dp (or non-BPS 
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Dp). We will also show how Dp-branes can be obtained from NS5-NS5. This gives a closed 
string description of tachyon condensation on unstable D-brane and gives more evidence 
to the conjecture that tachyonic vacuum is a closed string vacuum consisting not only of 
lower dimensional D-branes, but also of F-strings and NS5-branes. 

In order to show various processes described above from supergravity we first construct 
the non-supersymmetric p-brane solutions delocalized in q spatial directions in arbitrary 
space-time dimensions d. The supergravity action we consider is, 
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(1) 



where g^^^ with yU, z/ = 0, 1, . . . , d — 1, is the metric and g = det(5f^,^), R is the scalar 
curvature, (j) is the dilaton, is the field strength of a (c? — p — 3)-form gauge 

field and a is the dilaton coupling. The action (1) represents the bosonic sector of the 
low energy effective action of string/M theory dimensionally reduced to ^-dimensions. 
Now in order to obtain the delocalized solutions in q transverse directions, we have to 
solve the equations of motion from (1) with the following ansatz for the metric and the 
{d — p — 2) -form field strength. 



^ e""^^'^ (dr^ + r^dQl_p_g_,) +e^''^'U-dt' + Y.dxU +J2e''''^-'^'Ux: 



9+1 

p+i—1 

i=i ; i=2 

F[d-p-2] = b Vol(Od_p_g_2) A dxp+i ... A dxp+q (2) 

In the above r = {Xp_^g_^_i H — ■ -|- dVl?^_p_^_2 is the line element of a unit {d — p — 

q — 2)-dimensional sphere, Vol{Qd-p-q-2) is its volume-form and b is the magnetic charge 
parameter. The solutions (2) represent magnetically charged p-brane solutions delocalized 
in transverse Xp+i, Xp^2 ■ ■ ■ , Xp+q, directions. The equations of motion will be solved with 
the following gauge condition, 

9+1 

(p +l)B{r) + {d-p-q- 2)A{r) + ^ Q_i (r) = In G{r) (3) 

i=2 

Note that as G{r) — > 1, the above condition reduces to the extremality or the supersym- 
metry condition. As mentioned in [18] , the consistency of the equations of motion dictates 
that the non-extremality function G{r) can take three different forms and we will need 
only one of them for our purpose which is, 

^,;2(ci-p-9-3) / ,d-p-q-3\ ( d~p-q-3\ 

G(r) = 1 - = 1 + 1 - ^^z^ = Hir)Hir) (4) 
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By solving the equations of motion following from (1), we can obtain all the functions 
A{r), B{r) and Ci(r), . . . , Cq{r) appearing in the metric subject to some constraints. The 
solutions therefore take the forms, 
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i=2 ^' 



4(p+l) 2 /'H\ d-p-q-3 / 

\ i=l / i=2 



HJ 

^<l> ^ F i^^j , F[d-p-2] = b Yo\{nd-p-q-2) A dxp+i ... A dxp+g (5) 



These are magnetically charged, non-supersymmetric p-brane solutions delocalized in q 
directions and the corresponding electrically charged solutions can be obtained by simply 
replacing F — > e"""^ * F. The field-strength for the electrical solution takes the form 
(which follows from (5)) 



sinh2^,/C 



d AdtAdxi... A dxp (6) 



2 

The functions F and C appearing in the above solutions are defined as 



F = cosh^ ^h) ~ ^^"^^ ^ 



In the solutions (5) and (6) above there are {q + 5) integration constants and they are 
a;, 9, a, /3, . . . , 6 is the charge parameter. However, not all the parameters 

are independent. Prom consistency of the equations of motion we obtain three relations 
among the parameters and they are 

a -(5 = a5i (8) 

1 2a{a - a5,){d - 2) 2EUU^i^j _ I, '^,,\ d-p-q-2 
2^^ Xid-P^^) ^d-p-q-S r ^^'^ d-p-q-3 



b = 



A{d — '^^^_^_^_^^^d-p-q-3^^^p^^-^Yl2e (10) 

\{d-p-3)x 



where x the above is defined as x = 2(j9 + 1) + a'^{d — 2)/{d — p — 3) and the dilaton 
coupling is given by = 4 — 2(p-|- l){d—p — 3)/{d — 2) for the supergravities with maximal 
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supersymmetry (the case we are considering). So, the number of independent parameters 
in the above solutions is {q + 3). 

For our purpose of showing the appearance of F-strings from the Dp-Dp system we 
here write the non-susy F-string solutions delocalized in (p — 1) transverse directions from 
the general solutions (5) and (6) by putting d — 10, p — 1, q — p—1, a — 1 (which implies 
X = 16/3) as, 

'i7\-(2Er=2'5i)/(7-p) 



ds^ = F-^{HH)—v (dr^ + r^dnl_p) 

+F-i {-de + dxl) + f'^Y. (I) dx^ 

e^^ ^ F-f^f", Bi^^ ^ ^^(g)dtAdx. (11) 



HJ 2 \F 



with the parameter relation 



-S, + -a{a - S,) + =[^-EJ^)Y^p (12) 

The functions F and C appearing in (11) are as given in eq.(7). Also here H — 1 + 
ij7-p Ij,7-p qj^^ H — 1 — /r^'P. There are (4 -|-p) parameters in the solution and they 
are a, /3, a;, 6, 5i, . . . , 5p, however, there are two relations among them, one is given in 
(12) and the other is a — = ^i- So eliminating a, /3 we have a (2 +p) parameter solution 
in (11). It is clear from (11) that the solution can be made localized if the coefficients 
of all the terms dx\, . . . , dx"^ match with that of the term [—dt^ + dx\). This is indeed 
possible if ^ = 0, so that F — and we set 28i — —a, for, i = 2, . . . ,p. If we now 

define new parameters as, 

6 . , 2(p-4) 

a = a, oi = oi H a (13) 

7 — p 7 — p 

Then the solution (11) reduces to, 

ds' = (ra)^(f)'^"(cir^ + r^rf^^U + (f)'^7-^t^ + E^^^) 



TT^ -aa+2Si 



i=l 



e'' - (|j , 5(^^ = 0, a = ^ (14) 



and the parameter relation (12) reduces to. 



^Sl + -a{a - aSi) ^ y—^ (15) 
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We recognize the solutions (14) and (15) as representing either the chargeless Dp- Dp 
solution or the non-BPS Dp solution [18] depending on whether p is even or odd and 
whether we are considering type IIA or type JIB theory. We would like to point out that 
the interpretations for the chargeless solutions (as in eq.(14) or even the cases discussed 
below in eqs.(18) and (21)) are not unique. This indicates that there are more decay 
processes than those considered in this paper and will be discussed elsewhere. 

Now in order to see how the solution (11) reduces to F-string solution we take the 
following scaling limit 

oj'^-P = euP-'P, {a + /5) sinh 2Q = e'^ (16) 

where the parameter e — > and u — fixed. Using (16) we find from (7) F ^ H — 1 + 
and H, H ^ 1. The solution (11) then reduces to 

_ ^(2) ^ (l-H-^)dt^dxl (17) 

We recognize (17) to be the fundamental string solution in Einstein frame delocahzed 
in (p — 1) directions. However, since this is a BPS solution, we can always make the 
string solution localized by replacing (p — 1) -dimensional source by a point source. The 
harmonic function H — 1 -\- will then be replaced by ^ = 1 -|- The solution 
(17) will reduce to a localized F-string solution. (Note that this localization is not a 
smooth operation in the parameter space. However, for the supergravity BPS solution 
this is a familiar procedure when we take T-duality [23] on it. A similar situation arises 
also in the open string picture [12] and to get fully locahzed F-string from the decay of 
D2-D2 a non-pertubative technique was used there.) This shows that the solution (11) 
interpolates between Dp-Dp-brane (or a non-BPS Dp-brane) sohition and the fundamental 
string solution. We remark that the fundamental string solutions in both type IIA and 
type IIB string theory have the same forms. So, if we are in type IIA (IIB) theory then 
the solution (11) interpolates between Dp-Dp (non-BPS Dp) and F-string for p = even; 
and it interpolates between non-BPS Dp (Dp- Dp) and F-string for p = odd. We thus see 
that as we move in the parameter space the interpolation has the similar effect as the 
open string tachyon condensation. 

Now we will sec how NS5-branes can be obtained from Dp-Dp solution or non-BPS 
Dp solution. We restrict our discussion for p = 5 and 6 only and comment on p < 5 
later. In order to show this we start with the non-susy NS5-brane solution delocalized in 
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p' directions. The solution in this case can be written from (5) by putting d — 10, p — 5, 
q — p' , a — —1 (which imphes x — 16) as, 



ds' = Fi{HH)^iZ-) (dr' + r'dnl_p,) 




+F-t I -dt' + ydxi\+Fiy,{ dxl^, 

e^^ = Fi^-^j , F[3] = 6Vol(Jl3-pO A rfxe A . . . A dxs+p' (18) 

Where the function F is as given in (7) with H = 1 -\- ^^y- and H = 1 — '^^-p' ■ We note 
that p' can be or 1. When it is zero the solution (18) represents localized non-susy NS5- 
brane and when it is 1 it represents non-susy NS5-brane delocalized in one direction. The 
parameters in the above solution are related as, a— (3 = —Si, b = {2—p'){a+(3)(jj'^~P' sinh 29 
and 

-5, + -a{a + 6,) + = (^1 " E j ^ (19) 

Note that the last term in the Ihs of (19) is redundant since it is zero for both p' — 0,1. 

Let us discuss p' — first. We note from (18) that if we put ^ = 6 = and define 
new parameters in terms of the old parameters as a — a, 5i — a + 5i, then the solution 
reduces to that of a D5-D5-solution or non-BPS D5 solution. Even the parameter relation 
(19) reduces to (1/2)^2 + (l/2)a(a - ^i) = 3/2 i.e. that of a D5-D5 or non-BPS D5 
solution. In order to get BPS NS5 brane solution from (18) we simply scale oJ^ — eoj^ and 
(a + /3) sinh 2Q — , where e — > and Q is fixed. Then F reduces to ^ = 1 + ^ and H, 
H goes to 1 and we recover BPS NS5-brane solution from (18). The form of the NSNS 
field in this case is Fpj = 6Vol(Q3). We have thus seen that the solution (18) for p' — 
can be regarded as interpolating solution between the chargeless D5-D5 (or non-BPS D5) 
solution and BPS NS5-brane solution. 

On the other hand for p' — 1, the solution (18) can be made locahzed if ^ = 6 = 
and §2 — —a/2. Now defining new parameters in terms of old parameters as a = 2 a and 
5i — 2a-\- 5i we can rewrite the solution (18) as 



ds'' 



= {HHf (I) {dr' + r'dnl) + (|)"'" i-dt' + ± dx] 



e'* = (f) , f[3, = (20) 
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The parameter relation (19) can also be rewritten as {1/2)51 + (1/2)q;(q; — (3/2)^i) = 2. 
The above solution represents precisely the D6-D6 (or non-BPS D6) brane solution. Again 
in order to get BPS NS5-brane solution from (18), we do the same scaling of u; and 9 
as before. But, since in this case the harmonic functions are that of a 6-brane involving 
(1/r) and not (l/r^), we get a delocalized NS5- brane where the form-field is given as 
F[3] = 6Vol(Q2) A dxQ. But since this solution is BPS, one can make it locahzed as 
mentioned before. This shows that the solution (18) for p' = 1 can indeed be regarded 
as interpolating solution between D6-D6 (or non-BPS D6) brane solution and BPS NS5- 
brane solution. 

For other values of p < 5, it is not clear how the above procedure will work. But one 
can start with the non-isotropic, non-susy NS5-brane solution and try to make it Dp-Dp 
(or non BPS Dp) solution as we have done above. But it can be easily checked that the 
resulting solution can not be made localized Dp-Dp (or non-BPS Dp) by only adjusting 
the parameters. If we look at only the linear part of the solution then the solution will 
look like localized solution. The meaning of this is not entirely clear to us. 

Next wc will show how Dp-branes (for p < 5) can be obtained as the decay product 
of NS5-NS5. In supergravity we describe the process with a solution which interpolates 
between NS5-NS5 and Dp brane solutions. For this purpose we write non-susy Dp-brane 
solution delocalized in (5 — p)-directions from (5) and (6) by putting d = 10, p = p, 
g = 5 — p, a = (p — 3)/2 (which implies x = 32/(7 — p)) as, 

ds' = F'^{HH)(SX^'^^''\dr' + r'dnt} 



i=l / 1=2 



6-p / jjs^ 25i 



dx^ 



e» . .-^ (I) 

A^+^^ = ^-^^(^)dtAdx,A...Adx, (21) 



2 \F 



The parameters satisfy. 



11 6-p / \ o 

-Sl + -a{a-aS^)+ Y: ^^5,= 1-^5^- (22) 

i<j — 2 y i — 2 y 

Where in the above the functions F, C are as defined before, but H, H have the forms 
/J = 1 + ^ and = 1 — The above solution can be made localized if wc put = 
and —25i = a, for i = 2, . . . , (6 — p). Defining new parameters as a = (7 — p)ot/2 and 
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Si — 5i — a, the solution (21) reduces to, 

ds' = iHH){^y\dr' + r'dnl) + {^y""(^-df + j:dx^ 

e^t> = (tl^ , A^+'^^O (23) 

and the parameter relation (22) takes the form (1/2)5^ + (1/2)q;(q; + 6i) — 3/2. This 
is precisely the chargeless NS5-NS5 brane solution [18]. Now in order to see how the 
solution (21) reduces to the BPS Dp-brane solution, we scale the parameters uj and 9 
exactly as before and send H, H ^ 1 and F ^ H — 1 + A^~^^^ in (21) reduces to 
(1 — H~^)dt A dxi A ... A dxp. The solution then reduces precisely to the Dp-brane solution 
delocalized in (5— p) directions. However, it can be easily localized by replacing the (5— p)- 
dimensional source by a point source as wc mentioned earlier. This therefore shows that 
the delocalized solution (21) can indeed be regarded as the interpolating solution between 
the chargeless NS5-NS5-brane and the Dp-brane. From the world-volume point of view 
this interpolation means Dp-branes appear as a decay product of NS5-NS5-brane. 

Wc have thus seen how the various delocalized, non-susy p-brane solutions of type II 
supcrgravities can be regarded as interpolating solutions between Dp- Dp (or non-BPS Dp)- 
brane and F-string, between Dp- Dp (or non-BPS Dp)-branc and NS5-brane and NS5-NS5- 
branc and Dp-branc solutions, by adjusting and scaling the parameters of the solutions. 
The open string description of some of these processes were well-understood in terms of 
tachyon condensation. We here obtain a closed string or supergravity picture of these 
processes. 
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